Individual ribosomal proteins S4, S9 and S13 were tested for their ability to interact with tRNA and synthetic polynucleotides. All three proteins bind to immobilized to Sepharose poly(A) and poly(U), while S4 and S13 form stoichiometric (1:1) complexes with tRNA in solution. We show that only the polynucleot1de-S13 complexes are able to select their cognate tRNAs. In particular, the affinity of tRNA Pne to the binary poly(U)-S13 complex is about three orders of magnitude higher than that for poly(U) alone.
INTRODUCTION
Variety of methods have been used to study the functional topography of ribosomes. Among them, affinity labelling of ribosomal components with a number of analogues of tRNA, mRNA and antibiotics have been most common and Informative (for reviews see (1-3)). More recently, immuno-electron microscopy started to draw continuously improving picture of the location of several functionally important regions on the surface of the ribosome (4-6). 50S ribosomal subunit reconstitution experiments allowed to reduce the number of proteins, possibly responsible for the peptidyl transferase activity of the ribosome (7), while chemical modification studies led to better understanding on the role of certain proteins in the functioning of the ribosome (8-10).
During last several years we developed an alternative approach for the investigation of the functional topography of the ribosome. Rather loosely related to the ribosome at its beginning (11, 12) , it became more relevant with the finding that certain subribosomal RNP complexes possess properties, analogous to those, specific for ribosomes (13, 14) . In particular, we showed that mRNA-ribosomal protein complexes bind tRNA and in doing so select their cognate tRNAs (14) . More recently we described mRNA-(S4,S9,S13) complexes with poly(A), poly(C) or poly(U) as mRNA analogues (15) . All these complexes can select their cognate tRNAs: tRNA Lys , tRNA Pr0 and tRNA Phe , respectively (15) . The aim of the present paper is to show that a single 30S ribosomal subunit protein S13 1s responsible for this property. (17) . Uniformly labelled 32 E.coLL tRNA was prepared from bacteria grown in [ P]ortophosphoric add (18).
MATERIALS AND METHODS

Materials
3'-end-oxidized tRNA and synthetic polynucleotides were immobilized to epoxyactivated Sepharose 6B as described in (11, 14) . Aminoacylation of bulk tRNA with either C-labelled lysine or phenylalanine was according to (19) with the other 19 non-rad1oactive amino acids present. Identification of individual ribosomal proteins was carried out by SDS-15% polyarcylamide (20) and 2-dimensionai urea-polyacrylamide gel electrophoresis (21) . Identity and electrophoretic purity of proteins S9 and S13 was additionally confirmed by 2-dimensional urea-SDS polyacrylamide gel electrophoresis by Lutter (22) .
Isolation of individual proteins. Proteins S4, S9 and S13 were isolated by a three-step method as follows. In the first step about 150 mg of total 30S ribosomal subunit protein fraction was passed through a preparative tRNASepharose gel column (20 ml, 35 mg tRNA) in 10 mM Tris-HCl buffer, pH 7.4, containing 100 mM KC1, 1 mM MgCl. and 6 mM 2-mercaptoethanol. The bound to tRNA fraction of proteins (S3, S4, S6, S7, S9, S12, S13, S18 and S20) was further separated by CM-cellulose and Sephadex G-100 chromatography in buffers containing 6 M urea at conditions, suggested by others for 50S subunit protein fractionation (23) . Fractions containing individual proteins were concentrated by acetone precipitation and the pellets were dissolved in 10 mM
Tris-HCl buffer, pH 7.4, containing 100 mM KC1, 10 mM MgCl 2 and 6 mM 2-mercaptoethanol (buffer A). Concentration of individual proteins was estimated from their known molar absorbtivities (24) .
Binding of proteins S4, S9 and S13 to synthetic polynucleotides. 10 ul of Control experiments have been as described in (13) . The bound proteins were precipitated in 5% trichloroacetic acid and analyzed by SDS-15% polyacrylamide gel electrophoresis.
32 Nitrocellulose filtration of tRNA-protein complexes.
P-labelled deacylated bulk tRNA was incubated with increasing amounts of individual proteins in 30 ul of buffer A for 15 min at 25°C in 1.5 ml Eppendorf tubes. The incubation mixture was filtered through nitrocellulose discs, reaction tubes were rinsed twice with 50 ul of buffer A and these fractions were used to wash the 32 membrane.
[P] radioactivity of filters, flowthrough fractions and that retained to Eppendorf tube walls was estimated by Cerenkoff irradiation with efficiency about 41%. Quantitative estimations were done as in (25) , assuming that a tRNA-protein complex retains on a filter, while free tRNA passes it.
In such type of titration experiments the real amount of protein bound to tRNA cannot be experimentally estimated, since regardless of the presence or absence of tRNA, almost all protein retains on filters. Therefore, in addition of these experiments we also titrated a constant amount of protein with increasing amounts of tRNA to confirm that, at the plateau level, the amount of the bound tRNA would not exceed that of the protein in the assay.
Formation of ternary complexes. Here we used two different types of experiments.
Firstly, we reproduced experiments, described in detail in (14, 15) , except that now individual proteins were used to preform mRNA-protein complexes.
Briefly, poly(A)-S4, poly(A) € S9 and poly(A)-S13 complexes were formed between the immobilized to Sepharose polynucleotides and the proteins in buffer A. -8 10 A-CQ units (-v 1.6x10 moles) of E.caLi bulk tRNA were passed through a 5 ml affinity column, containing 38 A ocn units/ml of the immobilized poly(A) or poly(A) with prebound to it individual protein (3x10 moles of protein). Initial (bulk) tRNA and the bound to these affinity column fractions of tRNA, eluted by 1 M KC1, were analyzed in respect of the contence of a cognate tRNA Lys and, in a parallel experiment, in respect of tRNA Phe . The latter tRNA served as a reference of a tRNA, noncognate to poly(A). The analysis was carried out by aminoacylation of the corresponding fractions of tRNA with either labelled lysine or phenylalanine as indicated above. Control experiments were those described in (14) .
Php
In the second type of experiments we compared the binding of tRNA and Val tRNA.
to the preformed poly(U)'S13 complex. Analogous experiment with the poly(U)-(S4,S9,S13) complex is described in our previous paper (15 [ P]tRNAs were diluted with the corresponding non-radioactive tRNAs to a final activity 10 cpm/A_. n unit.
The immobilized poly(U)-S13 complex was prepared in a small poly(U)-Sepharose gel column in buffer A. After that a weighed amount (^ 50 mg) of the gel was transferred into a siliconized 1.5 ml Eppendorf tube. The final concentrations of the immobilized poly(U) and S13 in 300 ul of buffer were 4.2x x10 M and 2.4x10 M, respectively. Since the concentration of the immobilized polynucleotide was much higher than that of the bound protein, the equilibrium between free and bound S13 was shifted towards complex formation. Indeed, even an extensive washing of the preformed poly(U)-Sepharose*S13 complex with about 10 changes of buffer A did not lead to any significant release of the protein. Therefore, what we measure in this experiment, is an equilibrium between the poly(U)-S13 complex and tRNA: (poly(U)-S13 + tRNA t t (poly(U)-S13)-tRNA.
The complex (total vol 300 ul). The contents of the Eppendorf tube was mixed for 15 min followed by a brief centrifugation (a few seconds). 100 ul of the water layer was withdrawn and its radioactivity was measured. The volume of the 32 tube was again adjusted to 300 ul by adding 100 ul of [ P]tRNA. This cycle was repeated many times by rising the concentration of the added tRNA gradually. The binding isotherm was constructed and the dissociation constant of the (poly(U)*S13)"tRNA complex was found graphically as described in (13) .
RESULTS
Polynucleotide-protein complexes. Our earlier results showing that three different polynucleotide-(S4,S9,S13) complexes are able to bind and select their cognate tRNAs (15) were studied now in some details. Individual proteins S4, S9 and S13 were isolated and their electrophoretic purity 1s shown in A particularly unconvenient property of the tRNA-S4 complex is in its tendency to stick to the walls of Eppendorf tubes, siliconized or not. The same was true for glass and acrylex tubes. While without protein present, the amount of tRNA stuck to reaction vials was less than \%, up to 30S of radioactivity was bound to them in the presence of S4, even after rinsing them twice with buffer. On the other hand, we found with isotope dilution technique that the fraction of tRNA, bound to the walls as tRNA-S4 complex, is still in a free and rapid exchange with tRNA in solution. Therefore, we assumed that the binding of the tRNA-S4 complex to Eppendorf tubes is not, at least in the first approximation, a hindrance for quantitative measurements. To construct a linear transformation of the Langmuir isotherm of the binding curve, we simply summarized the amounts of [ P] tRNA retained on nitrocellulose filters and stuck to Eppendorf tubes washed twice with 50 ul of buffer. Linearity of transformations (not shown) confirmed that this sort of approximation was _o justified. The corresponding K., found graphically, is 9x10 M.
We did not face similar problems with protein S13; respective value of K. 6 for the tRNA-S13 complex was found to be 8.3x10 M (Figure 3 ).
Ternary mRNA-protein-tRNA complex.Next we asked whether any of the three polynucleotide-protein complexes is able to select its cognate tRNA. Two different approaches were used, both of them described by us earlier in (15) , except now these experiments were carried out with individual proteins.
Results presented in Table 1 compare binding efficiencies of tRNA ^ (codons AAA and AAG) and tRNA Phe (codons UUU and UUC) in the total tRNA population (bulk tRNA) to three different poly(A)-protein complexes. Taking the concentrations of tRNA ys and tRNA e in the bulk tRNA equal to unit, it can Table 1 .
None of the three poly(A)-protein complexes select noncognate tRNA , whereas a slight enrichment in tRNA ys was also found in the fraction of tRNA, bound to the poly(A)*S9 complex. However, this enrichment 1s even less important, taking into account that the amount of the bound to the poly(A)-S9 complex tRNA was much less than that to the poly(A)-S13 complex.
Hence, these results point to S13 as to a protein responsible for the selection of tRNA. This problem was further studied quantitatively. To reveal a 
DISCUSSION
Using two different methods we showed above that protein S13 is responsible for a stable mRNA-SIS-cognate tRNA complex formation. Thus, the initial set of three proteins, S4, S9 and S13, found to function similarly (see Introduction and ref. (15)), is now reduced to a single protein. Neither S4 nor S9 seem to have any role in this phenomenon.
Taking the value of K. for the interaction between tRNA e and its cog-"X A nate codon around 10-10 M (28), the "amplifying power" of S13 is ^ 1000-fold. At the same time, the presence of S13 did not lead to any detectable inVal teraction of the poly(U)*S13 complex with a noncognate tRNA.
(codon sequence GUA (29) ). Nevertheless, we do not suggest that S13 amplifies only the bind-ing of cognate tRNAs to their respective codons: it might increase the affinity of noncognate tRNAs to the mRNA-S13 complex from •v zero to a value which is still below of the sensitivity of our detection methods.
Several explanations for the S13-mediated amplification of tRNA-mRNA interaction can be considered. It may be achieved by the summation of a codon--anticodon and tRNA-S13 interactions, organized in a way permitting their simultaneous contribution to the stability of the ternary mRNA-S13-cognate tRNA complex, although it is not necessarily an arithmetical sum of the corresponding interactions. Since protein S13 can interact with both mRNA and tRNA separately, this type of mechanism is at least plausible. Alternatively, S13 might directly influence the stability of a codon-anticodon interaction, e.g.
by providing more hydrophobic surrounding to their contact area. We hope that the system described in this paper is simple enough to allow its more detailed investigation in future.
Finally, we feel that the property of protein S13 described above is unique enough to consider the possibility that, within the ribosome, the function of S13 is related to the decoding of mRNA.
